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Insertion and deletion mutagenesis within the gene topA of Escherichia coli encoding DNA 
topoisomerase I was carried out to test the existence of subdomains in the enzyme and the 
relationship between the slow-growth topA~ phenotype and the known DNA relaxation 
activity 'of the enzyme. All mutants that show no detectable DNA relaxation activity in cell 
extracts fail to complement the temperature-sensitive growth defect of strain AS17 topA M 
harboring a p I aa mid -borne temperature-sensitive suppressor tRNA. All mutants that show 
partial or full levels of DNA relaxation activity in cell extracts (relative to activity in 
extracts of wild-type cells) can complement this defect. The carboxyl-proximal 25% of the 
enzyme appears to be in a domain that is dispensable both in terms of the catalytic 
function of the enzyme and its biological role. Analysis of the mutant enzyme also indicates 
that the formation of the covalent topoisomerase-DNA complex is correlated with the 
DNA relaxation activity, which supports the notion that the covalent complex is an 
obligatory intermediate in the catalysis of DNA topotsomerization. 
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1. Introduction 

Escherichia cnli ON A topoisomerase I, a type T 
enzyme that transiently breaks one DNA bIiuihI tit. 
a time to affect DNA strand passage, is a relatively 
large protein containing 863 amino acids (see the 
preceding paper, Tse-Dinh & Wang, 1980). The 
determination of the sequence of the gene topA 
encoding this enzyme has made it feasible to test 
genetically for the existent* of domains within it. 
Here we describe our application of two strategies 
in this respect. Tn one, a "linker" UNA oligomer, 
with u length of an integral multiple of three base- 
pairs, is inserted at various positions along the 
gene. This generates a set of in -frame insertion 
mutants, in which the position of the insertions can 
easily be mapped by selecting a particular linker 
sequence containing an appropriate restriction site. 
This strategy is convenient for introducing 
mutations, winch may or may not have a 
phenotype, along a structural gene, and has been 
applied recently in a number of studies (Daubert et 
///.. ION:!; Stum- W o/.. IUH-1; l,ol>el »V <l*»n\ I1W.I; 
Baramy, IU85). In a second approach, a short DNA 
fragment containing a detectable marker, a 21 bpt 



t Abbreviations used: bp, batte-pair(s); Ub. I0 3 bases 
or base- pairs; SDS, sodium dodeeyl sulfate. Sequeneft 
hyphens are omitted- throughout this paper. . 



lac operator, and at least one termination codon in 
each of the three reading frames in either strand, is 
placed along the gene to give proteins missing 
various portions of the carboxyl end of the wild- 
type enzyme. 

The construction of these mutants has also 
enabled iis to test the correlation between the 
catalytic activity of the enzyme and its stoichio- 
metric cleavage of the DNA to give a covalent 
DNA-protein complex, and between the catalytic 
activity of the enzyme and its biological function. 

2. Materials and Methods 

r (a) Bacterial strains and plasmids 

NK7048 (A(/ac pro) xm ara nalA argE M thi ri/* F 
lad* 1 ) was from N. Kleckner. DM700 (A(cy*B top A)) and 
MM 294 (thi end A hsr k ) have been described (Wang & 
Hecherer, 1083). AS17 (lopA mm pLLl(Tc R supD x *)) was 
generously provided by Or R. E. Depew (Northeastern 
Ohio Universities). 

The plasinid pJW312, in which the coding sequence of 
tof»A \n under the rrnntrol of a wild-type Inc promoter, was 
ciiiMl-riieleil n« follow. A iM»7 hp Kc**\U fruKimMit 
containing the lac promoter waa kindly provided by l)r 
VV. MvUure (Carnegie-Mellon University). We have 
mihdoued a region of thin fragment from position —81 to 
-f iii between tin Hkal site and an ^/t<I aitc (with 
position + 1 being the major start of the message) as a 
HtjlW fragment in a promoter selector plosmid pJW2Cl 
(Wang & Becherer. 1983). In this clone, there is an EcoRl 
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site next to the Bgtll aite near —81. A fragment from 
this ffcoRI to an HpaH site within the promoter was 
isolated. BamHl linkers were ligated to a 96 bp Alul 
fragment from the 207 bp EcoKl fragment containing the 
lac promoter, and the Hpall to flam HI fragment, 
wherein the downstream part of the promoter resides, 
was isolated. The two isolated halves of the promoter 
were then inserted in tandem between the EcoRl and 
Bam HI sites of pJW231 (Wang ic Becherer. 1983), 
yielding a 2-4 kb plasmid in which the —81 to +36 region 
of the lac promoter is in between a Bglll and BamHl 
site, with a Hindlll site downstream from the BamHl 
site. Finally, a By/ II to Hindlll fragment containing the 
entire coding sequencing of topA was obtained from the 
plasmid shown in Fig. 2 of Wang et at. (1983). and 
inserted in between the BamHl and tfindlTT site of the 
lac wild-type promoter clone. The gene tttpA is thus 
placed under the control of the lac promoter. A diagram 
of the plasmid is shown in Fig. 1 in Results. For the 
construction .f mutants by insertion of rYtndlll linkers, 
the Hindlll site in pJW312 was deleted. The plasmid was 
first digested with Hindlll, repairing the ends with 
E. coli DNA polymerase 1. and religation of the repaired 
ends gave pJW312 A/ftnd. 

In order to suppress high levels of UypA expression from 
the lac promoter, an 1 100 bp BcoRl fragment containing 
the entire lac repressor gene with an i* promoter up- 
mutation was constructed through several cycles of 
subcloning from pMC7. which was kindly provided by 
1). M. Caios (Stanford University). The boundary of this 
fragment proximal to the i* promoter was originally 
defined by partial digestion with Alul to cut at a site 
approximately 260 bp upstream from the Hindi site in 
the / gene. The other boundary was originally defined by 
Bal3\ nuclease resection from the Patl site downstream 
from the termination codon; approximately GOO bp were 
trimmed off from the Patl site. EcoHl linkers were 
introduced in these positions during the cycles of 
subcloning. The J gene fragment was cloned into pMKl6, 
which CArries kanAmycin resistance (Kahn et al., 1979), to 
give pMrae-Zacr 1 . This plasmid was used to transform 
strains AS 17 and DM700 to give the host cells used in the 
screening of the pJW312 plasmids. 

(b) Methods 

Restriction digests, ligation, DNA precipitations with 
ethanol, agarose geJ electrophoresis, polyacrylarnide gel 
electrophoresis. bacterial growth and bacterial 
transformations were done as described by Mania tis et al. 

(1982) . Crude plasmid preparations were obtained 
according to Ish-Horowicz & Burke (1981). Large-scale 
plasmid preparations were done according to Garger tt al. 

(1983) with minor modifications. Sodium dodecyl 
sulfate/polyacrylamide gel electrophoresis was carried out 
according to Laemmli (1970), and silver staining of the 
gel was according to Merril et al. (1981). Immuno- 
precipi tat ions followed basically the procedure of Kessler 
(1976) except that Brij-58 was used in place of NP40. and 
two preliminary washes wpro dnm* in 10 mM-Trin • HCI 
(pH7-5), 5mM-Na 2 EOTA, 500 niM-NaCI, 500 /ig bovine 
serum albumin/ml. Western blots were obtained as 
described by Towbin et al. (1979). with the addition of 
001% (w/V) sodium dodecyl sulfate to their transfer 
buffer, as suggested to us by Dr T.-S. Hsieh (Duke 
University). 

(v) Linker insertion 

pJW312 was methylated with EcoRl methylase to 
protect the EcoRl sites from cleavage by the restriction 



enzyme. Four portions of the methylated DNA were then 
digested separately with FnuDll, Alul, Haelll or jfcjal, 
to the extent that 10 to 20% of the circular DNA was 
converted to full-length linear. The DNA was extracted 
with phenol, precipitated with ethanol. washed, 
resuspended, and dodecameric EcoRl linkers (CCCCAA- 
TTCGGG) were ligated onto the Rush ends generated by 
each restriction enzyme. Excess linkers were removed by 
precipitation of the DNA with ethanol in the presence of 
ammonium acetate (the DNA solution was adjusted to 
2-5 M -ammonium acetate and 2 vol. ethanol were added) 
and then digested with £coRI after washing, drying, and | 
resuspension of the precipitate. The DNA was purified by ! 
electrophoresis in a 4% polyacrylarnide gel. Following 
elect roe lution from the appropriate gel slice, the DNA 
was again precipitated with ethanol, resuspended, 
digested with EcoRl to ensure the removal of multiple j 
copies of linkers ligated to the DNA ends, and purified \ 
further by another cycle of gel electrophoresis. The 
resulting full-length linear fragment was ligated at a 
concentration lower than ' 20 /ig/ml to enhance the ! 
formation of monomeric circles, and transformed into ! 
MM294 or NK7048 for screening by restriction analysis. | 
Hindlll linker (CCCAAGCTTGGG) insertion waa j 
performed, as described above, except that the EcoRl 
methylation was omitted, and the plasmid pJW312 > 
AHind was used instead of pJW3l2. The first DNA 
purification by polyacrylamido gel electrophoresis waa 
also replaced by 2 precipitations with ammonium 
acetate/ethanol. 

(d) Construction of mutants with premature 
translation termination 

A 150 bp EcoRl restriction fragment, which has 
translation stop codons in all frames in both directions 
and a lac operator sequence, was previously constructed \ 
for mapping the approximate coding regions of genrs \ 
(S. L. Swaubcrg & J. C. Wang, unpublished results). The 
EcoRl ends were filled in with the Klenow fragment of ■ 
DNA polymerase I and rYindlll linkers were ligated on. j 
Following digestion with Hindlll, the fragment was ! 
inserted into the Hindlll site of pTR262, an insertion 
selector plasmid (Roberts et al.. 1980). The translation 
stop fragment, now with Hindlll ends, was prepared and ! 
inserted into the Hindlll sites of 4 linker insertion : 
mutants: (ojM 1684, topA2W& 9 U>pA2211 and fop-42438. j 
The plasmids with the inserted stop fragment were 
screened for by transforming the ligation mixture into ] 
MM294 (lac wild-type) and picking blue colonies on X-gal j 
plates. These transformauts must have a lac operator site \ 
on a inulti -copy plasmid. Ly sates of the clones were l 
examinee! for the presence of plasmids in which the I 
translation stop fragment was oriented in the same way. j 

! 

(e) Topoisomerase I relaxation assay i 

DNA topoisoinerase I relaxation activity was assayed j 
by tin* ability of a wuriit IvHaMt U> ivlux MiiprmiiltMl phauy j 
l\M2 DNA or pJW'OO DNA (Wang & Becherrr. J983). 
The lysis procedure is a modification of the Brij/lysoxymo \ 
method of Godson & Sinsheimer (1967). The 'plasmid j 
clones to be examined were transformer! into DM7W) I 
(StopA) containing pMKl6-Joc/ q . Cells were grown in 
Luria broth (LB) to an optical density of 10. Isopropyl- 
1- thio-/?-D-galactoside (IPTG) was added to 40 /ig/inl for 
at least 40 min near the end of the growth period. One ml 
of cells was pelleted for 20 s in an Eppendorf centrifuge at 
15,000 g. The supernatant was removed and the cells 
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wera reiutfpentletl in 20 /d of 25% (w/v) Kucnuw, 40 inM* 
TrisHCI (pH80), 1 mM-Na 2 EDTA, t mg lysozyme/ml, 
and kept on ice. Twenty u] of 0-9% Brij-58, 10mM- 
Tris - HC1 (pH 8-0). 60 mM-MgCI 3 was then added, and the 
solution was mixed gently. After 5 min on ice. the debris 
was pelleted for 2 to 4 min at 4°C at 15,000 £. The 
supernatant was frozen rapidly in solid C0 2 /ethanol or 
liquid N 2 and stored at —70*0, or assayed immediately. 
Three ul of thawed or fresh supernatant, or appropriate 
dilutions thereof, were added to 17 pi of assay buffer 
containing 40 mM-Tris HC1 (pH 8 0), 40 mM-KaCI, 5 mm- 
MgS0 4 , I mM-Na 2 ET>TA ( 50 pg bovine serum albumin/ 
ml, and 17 jig supercoiled plaamid DNA/ml. Crude 
su pern at ants were diluted in assay buffer without DNA, 
if so indicated. The assay mixtures were incubated at 
37°C for 15 min and then adjusted to 0*1% sodium 
dodecyl sulfate. 2% (v/v) Ficoll-400, 0-2% (w/v) 
bromophcnol blue and loaded on a 0-7% (w/v) horizontal 
agarose gel,. This was run at I to 5 V/cm for an 
appropriate length of time. Staining and photography 
were as described by Maniatis el al. (1982). 

(0 Topoisomerast I cleavage reaction assay 

The same extracts used for assays of relaxation activity 
(see above) were used for cleavage reaction assays. 
Plaamid DNA was >2 P-labeled by nick-translation as 
described by Maniatis el al. (1982) to a spec. act. of about 
10 8 disints/min per /ig. DNA in 10 mM-Tris *HC1 (pH 8*0) 
was denatured by beating at 100°C for 1 to 3 min, then 
quickly cooling to 0°C. Three /tl of DNA (5 x 10 s cts/min) 
was added to 5 /il of 20 mM-Tris HC1 (pH 8-0), 20 mM- 
NaCI. 50 /ig bovine serum albumin/ml. Then 2 /d of crude 
extract was added. The mixture was incubated at 37 °C 
for 30 min. Five /xl of 150 mM-Na0H was then added, and 
the incubation at 37°C was continued for about 1 min. 
The NaOH was neutralized by adding 1-5 pi of an equal 
volume mixture of I M-HCI and 1 M-Tris-HCl (pH 8-0). 
CaCl 2 was added to 2 mM and micrococcal nuclease was 
added to 20 units/ml C>m" units) and the mixture was 
incubated at 37°C for 20 min. Nine /jI of 3 x Laemmli 
sample buffer was added and the samples were run on a 
7% gel (Laemmli, 1070). Gels were then dried and 
at i to radiographed oh dttacrilifd by Maniatia tt al. (1982). 

(g) Complementation of a chromosomal topA am 

Strain AS 17 is a topA %m strain bearing a plasmid -borne 
temperature-sensitive suppressor supl?*. It grows at 30°C 
but not at 42°C. Plasm ids with mutant lop A genes to be 
tested were transformed into AS 17 containing a pMK16- 
/ac/ q plaamid, and transformants were tested for their 
ability to grow at 30°C and 42'C. Both low- and high- 
copy number topA* plasmids permit growth at 42°C. 



3. Results 

(a) top A in-frame insertion mutants 

A set of 20 in-frame insertion mutants was 
constructed by the insertion of a dodecameric 
EcoKl (CCCG AATTCGG G ) or HindUl (CCCAAG- 
CTTGGG) linker into different positions along a 
phiHiTwI-lioriH* top A gono i>f fi.ciUi (Fig. I). The 
sites of insertion were generated by digesting the 
DNA lightly with one of the restriction enzymes 
selected for yielding flush ends; the positions of 
insertion can therefore be deduced by restriction 




Atom Hi 

Figure 1. A 5*2 kb plasmid (pJW312) used in the 
construction of top A mutants. The coding region of the 
top A gene is placed downstream from a wild- type lac 
promoter, located to the right of the EcoRI site at the top 
of the Figure, and the direction of transcription of the 
gene is clockwise. For the insertion of HindlH linkers 
into topA, the HindUl site in the plasmid was destroyed 
to give rxJVV3l2 Af/ind III; see the text for details of the 
construction of these plasmids. 



mapping and the known sequence of the top A gene 
(see the preceding paper, Tse-Dinh & Wang, 1986). 
In most cases, each mutant is numbered by the 
number of nucleotides between the ATG start of the 
gene and the particular linker inserted. The mutant 
topA\21K, for example, has a HindUl linker 
preceded by 127 bp of the top A coding sequence 
including the ATG start; similarly, the mutant 
topA31\R has an EcoRI linker preceded by 341 bp 
of the topA gene starting from the first ATG codon. 
Several tests were carried out to ensure that only a 
single dodecamer linker had been inserted in each of 
the mutants. First, the insertion of more than one 
dodecamer would generate at least one Apal 
restriction site (GGGCCC), which is otherwise 
absent in the plasmid. With the exception of 
mutant top>12114H, the clones are resistant to 
.4 pal'. Examination of the topA sequence shows 
that the inserted linker in fop.42114H is flanked by 
three G residues on one side, and . therefore the 
insertion of one copy of the linker into this site is 
expected to create an A pal recognition sequence. 
Second, appropriate restriction enzymes were used 
to examine whether the length of the insert- 
containing fragment of each clone was longer than 
the corresponding fragment from the control 
without an insert by the expected length of 12 bp. 
Finally, to test the possibility of inadvertent small 
dolrlinnH or addition** during cloning, which might 
give IrumcshifL mutants, electrophoresis of crude 
cell extracts of the mutants in SDS/polyacrylamide 
gels was carried out. Immunostaining of protein 
bands, after their transfer to a nitrocellulose sheet, 
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with antibodies specific to E.coli DNA topo- 
isomerase T ("Wee tern-blotting") shows that the 
sizes of the mutant enzymes are not significantly 
different from the wild-type protein. In several 
cases, DNA topoisomerase I in the crude extracts 
was iminunoprecipitated first and then analyzed by 
SDS/polyacrylamide gel electrophoresis. In these 
cases, again, no detectable change of the protein 
size was observed. 

The relative levels of DNA topoisomerase I 
activity in cell extracts of an K.coli btopA Htmin 
carrying different plasmid-borne mutant top A 
genes, described above, were examined according to 
the procedure described in Materials and Methods. 
Among the family of 20 mutants, seven have no 
detectable amount of active DNA topoisomerase I 
(loss than 1% of activity in control extracts of cells 
carrying the same plasinid without an insert in the 
top A sequence). Of the remaining 13 mutants, 
extracts of 12 show 20% to full level activity 
relative to extracts of control cells harboring the 
topA + plasmid. Extracts of mutant 874H showed 
variable amounts of activity; the reason for this 
variability will be described later. 

The in -frame insertion mutagenesis results 
suggest that E. coli DNA topoisomerase I is 
relatively tolerant of insertional perturbations in its 
primary sequence: at least 12 out of a total of 20 



mutants show high levels of activity. The carboxyl- 
terniinal portion of the enzyme appears to be 
particularly insensitive to insertions. Seven 
mutants in a 400 bp segment near the 3' end of the 
gene (2009H. 2114H, 2185H, 2277H, 2393H. 2406R 
and 2438H) all yield active enzymes. 

(b) top A mutants missing variable amounts 
of the $ -terminal coding sequence 

To loftt further whether the carhoxyl-terminal 
portion of E. coli DNA topoisomerase 1 is non- 
essential for its enzymatic activity, we have 
constructed nonsense mutants to terminate the 
polypeptide chain prematurely. A short DNA 
fragment containing a stop codon in each of the 
reading frames was introduced into the Hindlll site 
on the linker inserted in mutants 1684H, 2000H, 
2277H and 2438H, as described in Materials and 
Methods, and the resulting mutants were 
designated I684ter t 2009ter, . . etc.- 

Sizing of the proteins produced in these nonsense 
mutants by SDS/polyacrylamide gel electrophoresis 
shows that the molecular weights of the proteins 
bearing antigenic determinants of DNA topo- 
isomerase I are 65,000, 79,000, 86,000 and 96,000 
Jtf r , respectively, for mutants 1684ter, 2009ter. 
2277ter and 2438ter. The sizes* of the proteins are 
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Figure 2. The location of the linker insertion sites, and the extent of translation of the termination mutants. In 
most cases, each mutant/ mutation is numbered with the number of nucleotides between the ATG start of the gene and 
the particular linker inserted. The mutation topA\21H for example, has a //indlTI linker preceded by 127 bp of the 
topA coding sequence including the ATG start; similarly, the mutation topA'MR has an EcoKl linker preceded by 
341 bp of the top A gene starting from the first ATG codon Tin? abscissa is in base pairs, with the A of the translation 
initiation ATG being bp 1. The presence or absence of DNA relaxation activity in lysates is also indicated. Mutant 
nomenclature and activity levels are as described in the legend to Table 1. 
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thus in agreement with those expected from 
translational termination within the inserts. There 
is no detectable topoisomerase I activity in cell 
extracts of 1084ler and 2(MM)U*r, whereas in extracts 
of 2277ter and 2438ter the levels are comparable to 
that of the wild-type control. Because the amounts 
of topoisomerase T in cell extracts of these strains 
are comparable, the differences in the levels of DNA 
topoisomerase I activity reflect differences in 
specific activities. Thus, the removal of 1 1% of the 
protein from its carboxyi terminus has little effect 
on its DNA topoisomerization activity. Figure 2 
summarizes the positions of the insertion and 
deletion mutations and the enzymatic activities of 
the mutants. 

(c) Qovalent complex formation between 
mutant DNA topoisomerase I and DNA 

We have examined the ability of mutant DNA 
topoisomerase I in extracts of cells to cleave DNA 
and link covalently to it. Cell extracts from 
different mutants were incubated with denatured 
"P-labeled DNA, and NaOH was added to the 
mixture to effect the formation of the covalent 
complex. Following neutralization and extensive 
digestion of the mixture with staphylococcal 
nuclease, SDS/polyacrylamide gel electrophoresis of 



the mixture was carried out (see Materials and 
Methods for details). The relative amounts of 52 P 
associated with the topoisomerase I mutant 
proteins were assessed by examining an auto- 
radiograph of the gel. These results are shown in 
Table 1. In general, the ability of an E.coli DNA 
topoisomerase I mutant protein to effect DNA 
cleavage and form a covalent complex with it upon 
treatment with a protein denaturant, alkali in the 
present case, correlates with its DNA topo- 
isomerization activity assayed by the relaxation of 
negatively supercoiled DNA. The seven mutants 
that did not give detectable amounts of DNA 
topoisomerase I relaxation activity in extracts 
yielded no detectable amounts of the covalent 
complex. Mutant 2393H might be of interest. 
Although the relaxation activity in cell extracts of 
this mutant appears to be significantly lower than 
that of the wild-type control, the amount of the 
covalent complex formed with mutant extracts 
seems at least as high as that with the control. 

(il) Correlation between the relative actunty of 
DNA topoisomerase I in vitro and its 
physiological role in vivo 

It has been shown that a tight top A mutation can 
not be transduced readily into E. coli except in 



Table 1 

Characteristics of the dodecameric linker insertion mutations 



Insertion 
site* 


Mutation* 


Relaxation 
activity* 


Complement 
top A' 


Covalent 
complex 
formation* 1 


Antigen 
levels* 


Restriction 
Bite' 


1327 


10H 


4-4- 


+ 


4- 


ND 


A 


1444 


127H 








4- + 


A 


tt>56 


341R 








+ 4- 


P 


1753 


436R 








+ 4- 


F 


1785 


468H 


+ 




+ 


ND 


A 


188U 


500H 


4- + 


+ 


4- + 


ND 


H 


2191 


874H* 


+ 


-f 




4- 


A 


2280 


063H 








+ + 


R 


2380 


I0G3H 


4-4-4- 




+ + 


Nl> 


R 


2488 


. 1I7IH 








4- 


R 


2772 


I455H 








4-4- 


A 


3001 


ltl84H 


+ 


+ 


+ 


4-4- 


A 


3005 


1K88H 








4-4- 


R 


3326 


2009H 


+ + 


+ 


4-4- 


4- 


A 


3431 


2114H 


4-4-4- 




* 4-4- 


ND 


H 


3502 


2185H 


4-4-4- 


+ 


ND 


ND 


H 


3594 


2277H 


+ + 4- 




' 4- + 


ND 


A 


3711 


2393H 


+ + 


-t- 


+ + + 


+ 4- 


A 


3725 


2406R 


+ 4- 


+ 


+ 4- 


+ 4- 


F 


3757 


2438H 


+ + 


+ 


ND 


ND 


* H 


None 


pJW3l2 


+ + 4- 


+ 


4- + 


4- + 





See the text for descriptions of activity osaays and complementation of the temperature sensitivity 
of AS 1 7. 

* Si tea of linker insertion according to the sequence reported by Tse-Dinh & Wang (1986). 

b With the exception of 2393 H. 2406 R and 2438 H. numbering was from the initiation cod on, A of 
ATO = I. 

* For relaxation mrlivily levelm — , mine dulecUlife; -K low IcvvIh (<20% of levels of pJW312); 
4- +. intermediate (evela (20 to 75%); 4- + 4- , wild- type levels (>75% of pJW312). 

- For the formation of the covalent complex and antigen levels; — , none detected; 4-, intermediate 
levels; 4- +, wild-type levels; 4- 4- -i-. greater than wild-type levels; ND, not determined. 

•The restriction site into which the dodecameric liuker was inserted: A, ,4/uT; F, FauDH; H, 
//mill; U. H*a\. 

' See the text for a description of the unusual aspects of this mutant. 
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strains carrying compensatory mutations in certain 
genes (DiNardo et al. t 1982; Pniss et al. t 1982; 
Laufer &, Depew, 1984; Raji et a/.. 1986). This 
suggests that the enzyme normally serves an 
important role, but physiological adjustments can 
occur to maintain cell viability in the absence of the 
enzyme. Further evidence supporting a crucial 
cellular role of the enzyme came from the 
construction of two UrpA roiiclilimml mutants in 
which compensatory mutations are absent. One of 
the conditional top A mutants contains the coding 
sequence of top A expressed from lac promoter, and 
it has been shown that the repression of the 
promoter strongly retards the growth of this strain 
(Kirkegaard et al. t 1984; Wang, 1984). In the other 
strain, a top A amber mutation is suppressed by a 
plasm id -born J temjicrature-sensitive suppressor 
tRNA. This strain, ASI7 topA M pLLl [supD"), 
grows at 30°C but not 42°C (Stamkiewicz & Depew, 
1983). 

The construction of a large number of mutants 
expressing active and inactive DNA topoisomerase 
I in the present work makes it possible to test 
further whether the DNA relaxation activity of the 
enzyme correlates with its physiological function. 
Plasmids carrying in-frame insertion or nonsense 
mutations in topA were used to transform strain 
ASl 7, and the ability of the plasmids to 
complement the growth defect of the h train at iitm- 
permissive temperatures was examined. As shown 
in Table 1, a strong correlation is found between the 
absence of active DNA topoisomerase T in cell 
extracts and the growth defect. Seven in-frame 
insertion mutants and two nonsense mutants that 
show no detectable enzyme activity in cell extracts 
do not complement the growth defect of AS 1 7 as its 
non-permissive temperature. On the other hand, 
AS 1 7 transformed with plasmids which produce 
substantial amounts of active DNA topoisomerase I 
can grow at temperatures that inactivate the 
chromosomally coded enzyme. 

(e) Reversion of mutant topA874H 

As mentioned earlier, assays of DNA topoiso- 
merase I activity in mutant 874II yielded variable 
results. Different experiments gave levels ranging 
from \v*h than 1% of ihv top A* control to 20%. Tt 



turns out that this variability is due to the 
reversion of the mutant to top A + . 

The tvpA temperature-sensitive strain AS 17 
topA mrtl pLLl {&upD ta ) was transformed with the 
plasmid bearing topA814H t and the growth of the 
transformants at 30 9 C and 42°C was compared with 
control cells transformed with pJW200, a PBR322 
derivative in which sequences between the Haell 
sites at locations 232 and 2349 of pBR322 were 
dnU-tml (Wang & Itcttlirrin-, IUH3). At 42°C, the 
plating efficiency of AS17 pLLl harboring pJW200 
on LB-agar dishes was less than 10" 4 , and no 
colonies were visible after 48 hours of incubation; 
the same strain transformed with a top A + plasmid 
showed a plating efficiency of one, and gave good 
sized colonics (1 to 2mm in diameter) after 
24 hours. AS17 pLLl transformed with topAH14H 
gave uo visible colonies after 24 hours; colonies of 
heterogeneous sizes appeared, however, at a 
frequency of about 10" 2 after 48 hours. These 
colonies, upon restreaking on agar plates, grew well 
at 42°C and gave colonies of fairly uniform size. 
Extracts of cells grown at 42°C from a dozen 
randomly picked colonies were assayed for DNA 
relaxation activity, and all were positive. Five of 
these extracts were assayed further in the presence 
and absence of rabbit antibodies raised against 
E.coli DNA topoisomerase 1, and the DNA 
relax uti no activity in all five was inhibiUil liy the 
antibodies. These results show that transformants 
that can grow at 42°C have acquired active DNA 
topoisomerase I. 

To determine whether the chromosomal copy of 
topA %m in strain AS17 or the plasmid-borne copy of 
topASHW has reverted, plasmid DNA samples were 
prepared from the dozen top A * colonies picked and 
used to transform strain DM700 (Atop A). One 
transformant was selected from each trans- 
formation. Cell extracts of these transformants were 
assayed for DNA relaxation activity, and plasmid 
UN As recovered from these transformants were 
examined by restriction mapping. None of the 
dozen recovered plasmids show gross rearrange- 
ments. Seven of the transformants show DNA 
relaxation activity in cell extracts. Because the 
entire chromosomal top A gene is deleted in DM700, 
the presence of topoisomerase I activity shows that 
the plasmid-borne to/> 4 4874H has reverted. Of these 



Table 2 

Characteristics of the C terminal deletion mutations 



Insertion 
site 


Mutation 


Relaxation 
activity 


Covatent 
complex 


Complement 
top A " 


Antigen 
level 


Predicted 
si7.p(xl(T 3 iM,) 


Measured 
size (x 10~ 3 J/,) 


3(H)! 


I684ter 








+ + 


65 


65^72 


3320 


2009ter 








+ + 


78 


79 


3504 


2277ter 


->- + -»- 


+ + + 




+ + 


87 


86 


3757 


2438ter 


+ + + 




+ 


+ + + 


04 


96 . 


None 


pJW3!2 


+ + + 


+ + 


+ 


+ + 


99 


UK> 



The insertion site, mutant numbering, activity, and antigen levels are aa desrril>ed lor Table I. The predicted molecular weights were 
dntermined by translating the modified DNA sequence. Measured si7.08 were calculated from clevlrnphnretic mobilities in 
tiUS/poly&cryiarnidc gefe. 
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seven transformants, the plaamid DNA of three had 
lost the /YmdIII site inserted; plaamid DNAs 
recovered from the other four are all tandem 
dimers, each with one copy of the top A gene 
containing a //tndTTT site and the other copy of the 
tnpA gene without a Hindlll site. The five 
transformants that show no DNA relaxation 
activity in their extracts all yielded plaamid s with a 
flin<\\n site at the expected location. 

The simplest interpretation of these results is 
that fop.4874H can readily revert to top A* by 
modifications at or near the inserted J/tndlll 
linker. Because of the multi-copy nature of the 
plasmid, transformants of AS17, which become 
temperature-insensitive, may harbor a mixture of 
the original topAHl^Yl plasmid and its top A* 
revertants.T 

4. Discussion 

Our data indicate that the activity of E. coli 
DNA topoisomerase I is fairly tolerant of the 
insertion of four amino acids at different positions 
along the polypeptide chain, particularly in the 
uurljoxyl-tcrminul rugion of the enzyme. Of tho 20 
insertion mutants, 12 have retained partial to full 
level activity, and seven of these 12 have inserts 
within the carboxy I -proximal 25% of the protein. 
The non-essentiality of the carboxyl-terminal 
portion of the enzyme was confirmed further by 
deletion studies: at least the carboxy l-proximal 
1 1 % of the protein can be deleted without loss of 
activity. These results suggest that the carboxyl- 
terminal portion of the enzyme is in a domain that 
is structurally and functionally non-essential. The 
mutant /op-42009ter, in which the carboxyl- 
proximal 22% of the enzyme is deleted, yields an 
inactive protein. The deletion strategy employed 
substitutes the deleted sequence with a stretch of 
amino acids (see Materials and Methods), however, 
and it might be the substitution rather than the 
deletion per 3e, which inactivates the enzyme. It is 
plausible that the entire carboxy l-proximal 25% of 
the protein, which contains the cluster of seven 
non-inactivating inserts, is in a dispensable domain. 

Biochemical and genetic characterization of the 
DNA topoisomerase T mutants show that the 
relaxation activity and the physiological role of the 
enzyme are strongly correlated. Plasmids contain- 
ing mutated top A genes can complement AS 17 
topA Am pLLl (supD u ) at a non-permissive tempera- 
ture if the mutant topoisomerase shows DNA 
relaxation activity in vitro, and fail the comple- 
mentation test if the mutant enzyme shows no 
detectable relaxation activity in vitro. The mutant 
top*4874H is particularly interesting in that its 
complementation of the temperature sensitivity of 
strain AS 1 7 is correlated with the reversion of the 
mutant to give active DNA topoisomerase I. 

Our studies of the mutants also indicate that the 
formation of the covalent protein-DNA complex is 
correlated with the relaxation activity, which 
supports the notion that the covalent complex is an 



Table 3 

Peptide inserted into mutant proteins 



Peptide inserted 


Mutation 


Relaxation activity 


Alu-Gln-Ala-Trp 


10H 


+ + 




127H 


— 




874H 


+ 




1684H 






2185H 


+ + + 


Ata-Arg-tle-Arg 


2438H 


+ + 


iVo-Aan-Xer-Oly 


43ttR 


— 


341R 




rVo-Lya-Leu-Gly 


2400K 






468H 






963H 






I455H 




Pro-Ser I-ou-Gly 


2277H 


+ + + 




56DH 


+ + 




1688H 






2009 H 






21L4H 


+ + + 




2393H 


+ + 


Ser-flln-Alti-Trp-Aapt 


1063H 


+ + + 




1171H 





Mutant, numbering and activity levels are described in the 
legend to table 1. 

t Ai:coin|i»init!il by tho Iokh of u Tyr. for a net gain of 4 amino 
add*. 



obligatory intermediate in the relaxation reaction 
(Wang, 1971). It is plausible, however, that a class 
of mutants exists that can form the covalent 
complex, but is blocked in the DNA rejoining step. 
In this context, the mutant top.42393H enzyme 
might be one that forms the covalent complex 
readily. 

As a method of obtaining in-frame insertion 
mutants, linker insertion at restriction sites has the 
advantage that the positions of mutation and the 
nature of sequence changes can be rapidly 
determined. Because the insertion sites are gen- 
erated by restriction enzymes, the mutants 
obtainable are not completely random, both with 
respect to their positions in the gene and the nature 
of the amino acid changes. The insertions into the 
Haeffl sites (GGCC), for example, disrupt a glycine 
codon in three of the four sites. The changes in 
amino acid sequence resulting from linker insertion 
depend on both the Linker sequence and the 
sequence of the insertion site; three of the four 
restriction enzymes we used to give flush -ends cut 
in between a 0 and la C residue, and as a 
conseqxience there are only six different amino 
acid sequence inserts among the 20 mutants (see 
Table 3). There does not appear to be any obvious 
activity level bias due to the specific amino acid 
sequence inserted. The seven well-tolerated inserts 
in the carboxyl-terminal region are not restricted to 
a particular class of amino acid sequence insertions, 
nor do they seem to be excluded from any of the 
sequence classes. Conversely, the inserts that 
inactivate topoisomerase I do not seem to be 
restricted to, nor excluded from, any of the 
sequence classes. 
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